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Optical Second-Harmonic Generation from Unbiased 
Single Gal -,Al,As Quantum Wells with 
Symmetric Structures 
Juh-Tzeng Lue, Kuang-Yao Lo, and Chin-Ching Tzeng 
Abstract-Nonlinear optical susceptibilities of various quan- 
tum-well Gal - .AI,As compounds grown by molecular beam 
epitaxy are measured by pumping with a Q-switched and mode- 
locked Nd: YAG laser. The contribution of second-harmonic 
waves from the bulk nonlinear susceptibility and the electrical 
dipole sheet in the quantum well is also calculated separately. 
The measured second-harmonic reflectivity decreases as the sil- 
icon doping concentration increases and its angular variation 
follows the Bloembergen and Pershan (BP) theory. Both the 
experimental and theoretical results indicate that the electron 
gas and dipole sheet in the unbiased single quantum wells have 
a negligible effect on the second-order nonlinear generation. 
INTRODUCTION 
RTIFICIAL structures grown by molecular beam ep- A itaxy (MBE) which can be easily modified in elec- 
tronic and optical properties provide a new material for 
studying nonlinear optical generation [I]. In the quantum 
well structures, the problem is complicated by the fact 
that the optical constants are different for each of the het- 
erogeneous layers and the second-harmonic generation 
(SHG) contributed from the dipole sheet. Electron gas and 
bulk nonlinear susceptibility may be subjected to multiple 
reflections before transmitting to the free surface. In this 
paper, we find that the angular dependence of the SH re- 
flectivity can be fitted consistently with the Bloembergen 
and Pershan (BP) theory [2] by an effective dielectric con- 
stant which is simulated lying between the values of GaAs 
and Gao,7Alo,3As. Since the 111-V compound semiconduc- 
tor are a zinc blend (43  m) structure leaving only a non- 
zero second-order susceptibility &, an incident p wave 
will generate only the s-polarized SH wave, which sim- 
plifies the calculation for multiple reflections. 
There are significant theoretical reports concerning the 
nonlinear optical generation from quantum wells due to 
conduction-band nonparabolicity [3], [4], exciton line 
saturation [5], and quantum confined Stark effect [6 ] .  All 
of the above mentioned effects are of third order in elec- 
tric field, because the system of a symmetric quantum well 
possesses an inversion leading to the absence of second- 
order effects. The second-order effect can only arise from 
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the asymmetry of bound states by bias or structure [7], 
[8]. In this paper, we are the first to show both from a 
theoretical and experimental view that the electron gas and 
dipole sheet from the unbiased single quantum well only 
contributes a negligible effect to the second-harmonic 
generation. We also find that the second-order reflectivity 
clearly responds to the lattice perfection of the epitaxial 
films grown by MBE. Increasing the doping concentration 
induces a pronounced point defect in the film and conse- 
quently reduces the nonlinear susceptibility. The experi- 
mental procedure dictated in this paper can be exploited 
to examine the quality of the MBE films and to evaluate 
the effective dielectric constants of the multiple-layer 
structures in a rather quick way. 
THEORY 
The 111-V compound Gal -,Al,As crystals being a zinc 
blend (43 m) structure have components of the SH polar- 
izations with respect to the cubic crystallographic axes, 
P?’, as PI 
P p  = 2d::E;E: (1) 
where E$ is the j t h  component of the transmitted funda- 
mental (U) field which can be expressed using the linear 
Fresnel coefficients in terms of incident angle, polariza- 
tion, and crystallographic orientation. The reflected sec- 
ond-harmonic generation at the boundary of the nonlinear 
media can be evaluated using the BP theory assuming 
that the incident wave is a plane-parallel wave on an in- 
finite boundary and the medium is isotropic and the ab- 
sorption of the fundamental wave is negligible. In this 
case, the SH wave (2w) is a composite of a free wave and 
a driven wave corresponding to the complementary wave 
due to boundary reflection and transmission of the preex- 
isted 2w wave and the particular wave just generated by 
the nonlinear medium, respectively. All the waves polar- 
ized in the incident plane (p waves) propagate following 
the Snell’s law, and the generated SH wave must meet the 
phase matching condition. These prerequisites in coop- 
erating with the continuity equations at the boundary em- 
anate the reflected SH field as [2] 
- 4 ~ ~ 2 , ”  sin2 8, sin es 
E?’ = (2)  sin (0, + 6,) sin (0, + 0,) sin OR 
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and 
for the s and p wave, respectively, where is the reflect- 
ing angle, OR = e;, and 0, is the incident angle, sin 8, = 
[1/JEcw>1 sin e;, sin 6 T  = [1/&%51 sin e;, e(w) and 
~ ( 2 ~ 0 )  are the dielectric constants for the fundamental and 
second-harmonic waves, respectively, and a + 0, is the 
angle between P:" and the surface normal. The angular 
dependence of the reflected 2w wave as stated in ( 2 )  and 
(3) will be diverged if the incident wave is a focused 
Gaussian beam instead of plane waves. In this case, a 
complicated Green's function transformation method [ 101 
may be applied to solve this problem. 
At the boundary of the quantum well (QW) layer, the 
positive ionic dopants in the barrier and the negative elec- 
trons in the well constitute dipole sheets within a selvedge 
region. Quantum confined carriers within the well lead to 
strong absorption attributed to both conduction-to- 
valence band and intersubband transitions. For the fun- 
damental 1.06 pm laser line, the photon energy is less 
than the band gap of GaAs, while it is much larger than 
the intrasubband difference and the resonance absorption 
can be neglected. We can regard the carriers inside the 
well as metallic electrons and calculate the SHG suscep- 
tibility contributed from the QW by hydrodynamic theory 
based on a jellium model [11]-[13], which allegorizes a 
fluid with stationary positive ions and movable conduc- 
tion electrons in the medium under external field. 
For the quantum well embeded in the heterostructures 
as sketched in Fig. 1, the incident fundamental and re- 
flected SH waves are subjected to multiple reflections. To 
simplify the calculation, the MBE grown layer (6) which 
has the same composition as the substrate is assumed to 
be of infinite thickness, and the reflected light within this 
layer (E6+) is zero. We can derive the reflected field onto 
the free surface at z = 0, E l ( - d l  = 0)  = El(0 ) ,  due to 
the field at the ith layer by exploiting the transfer matrix 
mu as defined in [ 141 which yields 
= m 1 2 m 2 ( - d 2 ) m 2 3 m 3 ( - d 3 )  * * mi- l , ; ( - d ; ) E ; ( - d ; )  
(4) 
where mi (z) is the propagation matrix defined as 
piwiz O 1 1 0 e - i ~ i ~ ]  
W ,  = ( w 2 e i / c 2  - k i ) ' / 2  and kll are the normal and tangen- 
tial components of the wave vector in the ith medium, 
respectively; E ;  is the dielectric constant in the ith me- 
dium, c is the speed of light, and d ;  is the depth from the 
free surface z = 0 to the front surface of ( i  + 1)-th layer. 
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Fig. 1. The quantum well structure of the Ga, _,Al,As compound and the 
electromagnetic fields inside the structure. 
At each i th layer, the total field Ei ( -d j )  includes the in- 
coming light from the ( i  - 1)-th layer and the reflecting 
light from the ( i  + 1)-th layer. After a laborious calcu- 
lation, we can evaluate the field in the 6th layer in which 
the reflected E6+ = 0 and the transmitted 
t12t23t34t45t56 . E l -  &- = 
r12 r23 r34 r45 r56 
where tjj and rii are the transmittance and reflectance from 
the i th to the j th layer, respectively, 
D=- 
r23 r34 r56 r12 r34 r45 r45 r12 r23 r45 r23 
h-5 Lzw5 +-+- + -+-+-  
r12 r34 r12r23r34 r23r34r56 r12r34r56 
b 5 4 5  L z 3 4 5  h 3 4 5  
k 3 z 5  h 3 z 5  +-+-+- 
r56 r12 r23 r56 r23 r45 r56 r12 r45 r56 
k 3 4 5  + h 3 4 5  +- 
r34 r45 r56 r12 r23 r34 r45 r56 
and the phase factor 
L&i = exp [iWjdj - iWjdj + iWkdk - iWldl]. (6) 
Starting with the source values of E, from the air and E6- 
from the front and bottom sides, we can find out the field 
at the i th layer via the transfer matrix. 
If the incident fundamental wave is p polarized, then 
only the transmitted E T x  and E T z  are nonzero, and the 
reminant SH wave is the s wave as given by 
P p  = 2d:,"E;xE';, (7) 
where x ,  y, and z specify the coordinate axes. Employing 
the Green's function as defined in [12] and [13], we may 
calculate the SH field inside medium 4 at coordinates - d4 
< -z4 < -d3 as given by 
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W 
E p ( - Z 4 )  = i &-Z4 - Z ’ )  P2,”(Zr)sdz’  
-m 
= im 2ni f i2Q&@ + 4 4 + i j 4 + )  
= 2.rrgj2Q41$ [ s ,-ir!4(--24-Z) 
- W  
. ein4(--Zq-ZZ’) e(-z4 - zr) + ($9 + 444-444-) 
. , - in4(-&-Z”e(zr + z 
4 ) ]  P21”(Z’) s dz’ 
- d4 
-a 
* 2d: ,“Ei(Z’)Ef(Z’)  dz’ 
1 + s” ,ia4(-a-Z,2d2w 14 Ei(Z’) Ei(Z’)  dZ’ - d3 
(8) 
where O(Z) is a step function which states 0 and 1 for z 
< 0 and >0, respectively, Q = 2w, fi = 2w/c, 6, = 
f i [ ~ i ( Q ) ] ~ / ~ ,  Qi = [a; - q:]1/2,  $ = &2, with k and 2 
being the incident wave vector and the normal of the sur- 
face, respectively, and Bi+ is the wave vector of 2 0  wave 
on the xy plane for the forward (-) and reflected (+) 
waves, respectively. 
Besides the SHG from the bulk of the QW, the SH field 
can also be generated from the dipole sheets within the 
selvedge region of the QW, which is 
W 
E Z ( - d 3 )  = G(-d3 - Z ) P : ~ ( Z ’ )  dZ‘ 
-m 
where 
P : ~ ( z ’ )  = i j34e-’a442’6(~’  + d3> 
where is the incident angle at the front surface and e4(Q) 
is the dielectric constant at the second harmonic fre- 
quency in layer 4. With the same method, we can calcu- 
late the SH wave generated from the dipole sheet EY5. The 
SH field generated in each layer is subjected to multiple 
reflection before transmitting to the free surface. The di- 
pole sheets of the QW produce the SH field on the surface 
by 
E:”, = T-IT- lT-1  
12 23 34 [aE%+ + PE::-] (l1) 
where Cj are the transmittance for 2w from the i th to the 
j th layer, 
a = SB + R23Ri2S~ + SBR23R34 + S23R12R34 
Q;g(Q)  - Q j E i ( Q )  
Q ;€ j (Q)  + Qj€i<Q) So = exp (iQ,d, - iQ,d,), R, = 
ST = exp (- iQ4d4) 
and 
= Q i 4 l  + Q:4Z (9) As we have shown in (7), the SH wave generated from 
is the SH current source in the selvedge region of th? di- 
pole sheet with components Q$ and Qi4  along the k and 
2 directions, respectively; and 6(z) is the delta function. 
The parameters are specified by b = - 1  and a = 
-2@; - Q 2 / w i  - Q 2 )  being the phenomenological pa- 
rameters to estimate the current source, Gp = w p / c ,  up = , WO is the effective plasma frequency defined 
in the selvedge region [12 ] ,  no being the electron density 
and m being the electron mass. After a tedious calcula- 
tion, we can obtain 
E:;( - d3) 
= 2nifi2~; I e -iQ4d4 
the bulk is the s wave and from the dipole sheets in QW 
is the p wave if the incident fundamental wave is p polar- 
ized. Therefore, the total reflectance of the SH wave is 
the scalar sum of these two components, or 
The dipole sheets at the QW interfaces contribute to the 
SH reflectance by R& = ~ T ( E : ~ , , ( ~ / C ( E ~ _ ( ~ .  The angu- 
lar variation of R& at an electron density of 1.0 X 10l8 
cmW3 by adopting with b = -1 and a = + 2  is depicted 
in Fig. 2. The SHG intensity from the QW is a factor of 
lo5 less than those contributed from the bulk nonlinearity. 
EXPERIMENTAL PROCEDURES AND RESULTS 
To perform the experiments, the quantum well struc- 
ture of the Gal -,Al,As compound as shown in Fig. 1 was 
grown by a varian type I1 MBE. The first 1 pm epitaxial 
GaAs layer is used to obtain a defect- and dislocation-free 
sin el Q : ~ ) ]  el4 + ~ 
(€4(Q)) 
(10) 
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Fig. 2 .  SH reflectance on the free surface from the dipole sheets of the 
QW via multiple reflection based on hydrodynamic theory. 
surface on the substrate and is examined by a recon- 
structed reflected high-energy-electron diffraction 
(RHEED) pattern. The undoped thin layer spacing on both 
sides of the well reduce the Coulomb interaction between 
carriers and ionized dopants leadi!g to an increase in elec- 
tron mobility. The coverage 100 A GaAs on the top layer 
is implemented to protect the Gal _,Al,As from oxida- 
tion. 
The experimental setup has been described elsewhere 
[ 151. The fundamental light source is a Coherent Product 
Model 76-5 Q-switched (500 Hz) and mode-locked (76 
MHz) Nd : YAG laser. Each Q-switched stroke includes 
12 sharp mode-locked laser pulse trains. The s-polarized 
laser output is rotated by a / 2  by a half-wave plate into a 
p-polarized wave. To calibrate the absolute SH reflectiv- 
ity, a well polished AT-cut quartz plate is used as a ref- 
erence standard which has a nonlinear susceptibility & 
= 0.4 x m/V and the reflectance due to multiple 
reflection inside the parallel plate should be considered 
[161. 
The measured angular variation of the SHG of five sam- 
ples are shown in Fig. 3 for (a) GaAs substrate and (b) 
MBE grown Gao.7Alo.sAs; and Fig. 4 for MBE grown 
quantum well structures by Si-doping in the barrier layer 
with carrier concentrations of (a) 1.0 X 1015 cmP3, (b) 
2.8 X 1017 cmP3, and (c) 3.8 X 10I8 ~ m - ~ ,  respectively. 
The dielectric constants of GaAs measured by a polychro- 
matic ellipsometer [ 171 installed in our laboratory is E ( @ )  
= 12.0 + 0.2i,  4 2 ~ )  = 19.5 + 2 . 5 .  The least mean 
square fitting with BP theory implies dI4 = 3.10 x 
esu for the bulk GaAs. 
Since the MBE grown Gao.7Alo,3As and quantum well 
heterogeneous structure are composed of several thin lay- 
ers, the true optical constants are difficult to evaluate from 
the ellipsometry. The bandgap of GaAs is near 1.52 eV 
which is smaller than that of Gal _,Al,As, the interband 
absorption implying a larger dielectric constants [ 181, [ 191 
for the former compound in the visible and UV region, 
i.e., X < 0.79 pm but not necessary in the infrared re- 
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Fig. 3 .  Angular variation of the SHG of (a) GaAs substrate, and (b) MBE 
grown Ga, ,Ala ,As. 
gion. To the doped quantum well structures, the dielectric 
constant usually depends on the carrier concentration and 
the layer configuration and merely counting a dependence 
on the A1 content ratio is heuristic and superfical. Ex-, 
ploiting the ellipsometry and normal reflectance measure- 
ment as we reported in previous work [l], the result of 
E ( W )  = 12.96 and 4 2 ~ )  = 16.77 + i1.64 for the 
G%,8Alo,2As is in congruent with present simulation of 
the effective dielectric constants by which it can predict a 
best fitting of the BP theory with the experimental SH 
curves. 
The solid lines in Figs. 3 and 4 represent the best curve 
fitting by B.P. theory with a proper choice of optical con- 
stants as inserted in the figures. For hv < Eg,  the inter- 
band absorption can be neglected and the dielectric pre- 
dominantly determined by the surface free carrier 
absorption which depends on doping and surface prepa- 
ration. Therefore the E ( W )  at fundamental frequency does 
not follow the same regulation as for 4 2 ~ ) .  This is the 
plausible reason why the dielectric constants of GaAs for 
E C 1.2 eV are scarecely found in the literatures. How- 
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Fig. 4. Angular variation of the SHG QW structures with Si-doping con- 
centrations of (a) 1.0 X I O t 5  ~ m - ~ ,  the normalized s and p components of 
SHG are also depicted. (b) 2.8 x lOI7 crK3 and (c) 3.8 x 10" 
respectively. 
ever, our results reveal that € ( U )  vary from 12.0 for GaAs 
to 13.2 for Gal -,Al,As within 10% of deviation. The tacit 
assumption for the experimental curve which leads to the 
.. 
M 800 io 
Fig. 5 .  Photoluminescence spectra of G~,7A1,,,As/GaAs QW with Si 
doping of (a) 1 x IOl5 ~ m - ~ ,  (b) 2.8 X IOt7  ~ m - ~ ,  and (c) 3.8 X 10" 
crK3.  The PL with energies higher than 1.55 eV is due to the hole to 
conduction subband exciton transitions within the QW, while those below 
1.55 eV are due to the bulk GaAs contributed both from the covering layer 
and substrate. 
fluctuation of E ( W )  around some values, or may be due to 
different density of surface states and doping concentra- 
tion during sample preparation. 
To distinguish the SHG contributed from the bulk and 
dipole sheet, we have also measured the s- and p-polarized 
components of the SHG and their angular variation which 
are illustrated in Fig. 4(a). The intensity of the reflected 
s wave is found to be about six times larger than the p 
wave at the peak intensities. Since the conversion effi- 
ciency of the half-wave plate infront of the 1.06 pm laser 
line is about 75%, the detected p-wave SHG is expected 
to be due to the SHG from the bulk by the leaked s wave 
and not from the dipole sheet. 
The experiments show that the MBE grown Gal -,Al,As 
films have a higher nonlinear susceptibility than GaAs, 
whereas the dI4 decreases as the Si-doping in the bamer 
layer increases due to the introduction of structure defects 
at heavy doping. The defect centers are primarily from 
the Ga vacancy-Si donor complexes and can be examined 
by photo luminescence (PL) spectra. The free exciton 
bound to donor peak (DX) as shown in Fig. 5 is very 
sharp and strong for the high quality samples while the 
intensities of excitons bound to neutral acceptors (or do- 
nor like) with point defect (dX) are weak. As the Si dop- 
ing concentration exceeds 10" cm-3 [Fig. 5(b)], the 
emission broadens into a wide band whose peak shifts 
monotonically to higher energies as a result of conduction 
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band shift filling. The asymmetry in the emission spectra 
is attributed to indirect band to band or band to localized 
donor states. Essentially the perfect lattice structure of the 
MBE grown samples without doping implies a better co- 
herence of the anharmonic oscillation of adjacent atoms 
resulting in a higher efficiency for parametric generation. 
DISCUSSION AND CONCLUSION 
The second-order nonlinear susceptibility, besides aris- 
ing from the zinc blend structure which yields d:,“, may 
also arise from the asymmetry of bound states or subbands 
resulting from structure composition or external biasing. 
When band offsets and effective mass difference become 
large and well thickness becomes small, one has to in- 
clude unconfined levels and excitonic effects. Excitons 
could not affect themselves if there were no many body 
correlation between them. Therefore for single quantum 
wells at high temperatures we can neglect the excitonic 
effect. Because of their large effective masses, the holes 
are well confined within individual wells, thus their over- 
laps, crucial to the intraband transition are small and the 
heavy hole conduction band transition probability is non- 
zero only for the applied electric field in the direction of 
broken inversion symmetry. The aforementioned asym- 
metric multiquantum well structure can yield the nonlin- 
ear susceptibilities such as d:; and di,“. 
For the unbiased quantum well structures, the envelope 
wave functions of subband carriers are highly symmetric 
and the dipole transition matrices are nearly canceled out 
from the positive and negative terms. We may consider 
the quantum well contribution to the SHG from the point 
view of metallic electron gas. 
In this paper, we have measured the SHG from single 
quantum well structures of 111-V compounds grown by 
MBE with different doping concentrations. The angular 
variation of the absolute nonlinear reflectance follows the 
BP theory presuming an isotropic effective dielectric con- 
stant. The nonlinear susceptibility dI4 has a value of 3.3 
x esu for the undoped QW structure which de- 
creases as the Si doping increases resulting from structure 
defect at heavy dopings. The slightly larger d14 for the 
undoped QW structure than the bulk GaAs may be due to 
a better crystallographic lattice of the epitaxial film and 
the noncentro symmetric character of the QW. 
The SHG that contributed from the unbiased dipole 
sheets of the QW on account of its low carrier concentra- 
tion compared with metals ( -  ~ m - ~ )  and due to the 
multiple reflections and absorptions of the generated light, 
is much lower than from the bulk. Resonant interband 
transition by employing a Krypton laser of X = 6471 A 
may possibly enhance the QW effect. 
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